All files are available from the NCBI database (accession numbers KP866913.1, KF193637.1, KP868686.1, JN381538.1, and EU334108.1).

Introduction {#sec001}
============

Rice is among the oldest crops of the world which feeds about half of the world's population \[[@pone.0160688.ref001]\]. In Pakistan rice is second major crop after wheat and main source of foreign exchange for the country after cotton. Of 70 different microbial diseases, bacterial leaf blight (BLB) is the most devastating in terms of annual yield losses to rice across the globe \[[@pone.0160688.ref002]\]. Different chemical and cultural approaches have been used for the management of BLB but results are not very encouraging or effective due to variability of pathogen, lack of durable resistance, insensitivity to different antibiotics or many other environmental factors \[[@pone.0160688.ref003]\].

Biological control of BLB using plant growth promoting rhizobacteria (PGPR) has emerged as an effective strategy during last two decades \[[@pone.0160688.ref004]\]. PGPR (either rhizospheric, rhizoplanic or endophytic) are plant root associated beneficial bacteria \[[@pone.0160688.ref005]\] that confer plant growth promotion \[[@pone.0160688.ref006]\]. The mechanisms of plant growth promotion by PGPR include production of growth hormones e.g., indole acetic acid (IAA), solubilization of inorganic phosphate \[[@pone.0160688.ref007]; [@pone.0160688.ref008]\], fixation of atmospheric nitrogen, ACC deaminase activity \[[@pone.0160688.ref009]\] and zinc solubilization \[[@pone.0160688.ref010]\]. They can also be involved in promoting plant health by suppressing phytopathogens using various mechanisms *i*.*e*. competition, production of siderophores, antagonism and induced systemic resistance \[[@pone.0160688.ref011]\]. PGPR-induced systemic resistance activates the plant's latent defense that leads to the activation of multiple defense-related compounds/ enzymes at sites distant from the pathogen attack \[[@pone.0160688.ref012]\]. Peroxidase (POD; EC 1.11.1.7) is one of the fast responding defense related enzymes against plant pathogens which are involved in lignification, suberification, polymerization of hydroxyproline-rich glycoproteins, regulation of cell wall elongation, wound healing, and resistance against pathogens in plants \[[@pone.0160688.ref013]; [@pone.0160688.ref014]; [@pone.0160688.ref015]\]. Catalase (CAT) is an oxygen-scavenging enzyme that protects cells from the toxic effects of H~2~O~2~ during development by converting it to water and molecular oxygen \[[@pone.0160688.ref016]; [@pone.0160688.ref017]; [@pone.0160688.ref018]\]. Polyphenol oxidase (PPO; EC1.10.3.1) is important in the initial stage of plant defense where membrane damage causes release of phenols such as chlorogenic acid. PPO catalyzes the oxidation of phenolics to free radicals that can react with biological molecules, thus creating an unfavorable environment for pathogen development \[[@pone.0160688.ref019]\]. Phenylalanine ammonia-lyase (PAL) is the primary enzyme in the phenyl propanoid metabolism and plays a significant role in the synthesis of several defense-related secondary compounds such as phenols and lignin \[[@pone.0160688.ref020]; [@pone.0160688.ref021]\].

In Pakistan, BLB disease was first reported during the year 1977 and since then epidemically damaged the crop (80--100%) in areas of northern and central Punjab \[[@pone.0160688.ref022]\] and has caused millions of tons of grain loss per annum \[[@pone.0160688.ref023]\]. Incidence of BLB has increased up to many folds in the recent years especially in the Kallar belt under rice cultivation. BLB disease was considered as the main yield limiting factor in Basmati rice growing areas in 2013--2014 (Economic Survey of Pakistan, 2014). Basmati rice, being well known for its aroma and taste is specific to Indian sub-continent. Pakistan ranks 2^nd^ in terms of Basmati rice and 3^rd^ in total rice export in the world. At present, rice production mostly depends on synthetic fertilizers and pesticides which render un-healthy environment and polluted ecosystem in rice-producing areas \[[@pone.0160688.ref024]\]. Keeping in view the importance of growing quality rice, specifically 'Basmati' in the country in more environment-friendly way, this study was planned to select native antagonistic bacteria with the purpose to control BLB pathogen i.e., *Xanthomonas oryzae* pv. *oryzae* (Xoo) and secondly, to use them for PGPR-assisted plant growth promotion in field. The use of integrated plant nutrient management systems improves crop yield, plays a vital role in the development of sustainable agricultural systems for crop production \[[@pone.0160688.ref025]\] and guarantees a healthy environment. Many reports have been published that describe either the use of PGPR for growth promotion or the antagonistic bacteria to control pathogens but rice inoculum that can be used both as biofertilizer as well as biopesticide is not available in Pakistan. We have described the use of a single "dual-purpose inoculum" based upon native antagonistic-PGPR that can promote rice growth on one hand and control pathogen attack on the other hand. This dual purpose inoculum may serve as rice supplement for sustainable rice growth in the country.

Materials and Methods {#sec002}
=====================

Isolation and pathogenicity test of *Xanthomonas oryzae* pv. *oryzae* (Xoo) {#sec003}
---------------------------------------------------------------------------

Healthy and BLB infected rice leaf samples were collected from 12 different sites of rice growing belt in Punjab province. No permits were required for collection of plant samples, which complied with all relevant regulations. In addition, the said studies did not involve the endangered or protected species. Selected sampling sites were the hot spot of BLB in the year. Prevalent strains of Xoo were isolated from BLB infected samples, collected from these sites in 2013 on Potato Sucrose Agar medium \[[@pone.0160688.ref026]\] medium (sucrose 10g, peptone 10g, agar 12g, distilled water 1L, pH 7.4). Pathovar of isolated Xoo strains (Xoo8, Xoo9, Xoo10) was determined using molecular marker J03 (`5'-GCTCAGGTCAGGTGGCCTGG-3'`) \[[@pone.0160688.ref027]\] and their virulence was confirmed using pathogenicity test on rice plants grown in pots under net house conditions as already described \[[@pone.0160688.ref003]\]. Xoo4 was used as reference strain for pathovar detection. Xoo strains were inoculated to rice plant by clip inoculation method \[[@pone.0160688.ref028]\] and data regarding disease severity was measured in terms of % diseased leaf area (DLA) after 14 and 21 days of inoculation.

Isolation, identification and *in vitro* screening of rhizobacteria against Xoo {#sec004}
-------------------------------------------------------------------------------

Total bacterial population was determined from rhizosphere, rhizoplane and endorhizosphere of the rice plants collected from 12 different sites using serial dilution method \[[@pone.0160688.ref029]\] on Luria Bertani (LB) agar medium. For the isolation from endorhizosphere, 1 g of roots were washed with tap water, surface sterilized with 5% NaHOCl (sodium hypochlorite) for 1 minute followed by repeated washing with distilled autoclaved water. The sterilized roots were rolled on LB agar plates to determine the efficacy of surface sterilization. The sterilized roots were crushed in sterilized pestle mortar and then added to test tube containing 9 mL of 0.85% saline for preparing serial dilutions. Aliquots (100 μL) of selected dilutions were spread on LB agar plates separately. The plates were incubated at 30±2°C for 24--48 hours. Representative colonies were picked and sub-cultured to get pure culture. The bacterial isolates (811) were screened *in vitro* for their antagonistic activity against eight Xoo strains using diffusion plate assay \[[@pone.0160688.ref030]\] with sterile distilled water as control. Xoo8, Xoo9, Xoo10 were isolated in the present study while Xoo2, Xoo4, Xoo5, Xoo7 and Xoo11 were reference strains obtained from NIBGE Biotech Resource Centre (NBRC), Faisalabad. Bacterial antagonists showing consistent antagonistic activity in repeated plate assays were selected and characterized on the basis of cultural characteristics, Gram reaction, fluorescence emission and biochemical characterization *i*.*e*. KOH solubility and catalase test using standard methods \[[@pone.0160688.ref031]\].

Bacterial antagonists were identified by sequencing16S rRNA gene. The 16S rRNA gene was amplified using primer pair PA (`5' AGACTTTGATCCTGCTCAG 3'`) and PH 5 (`5' AAGGAGGTGATCCAGCCGCA 3'`) as described by \[[@pone.0160688.ref032]\]. Amplified PCR product (1.5Kb) of 16S rRNA gene was cleaned using QIAquick Gel Extraction Kit (QIAGEN Sciences, Maryland 20874, USA) and commercially sequenced by Macrogen, Inc. (Seoul, South Korea). Sequence data was aligned and compared with the available sequences of bacterial lineage in National Center for Biotechnology Information (NCBI) Genbank (<http://www.ncbi.nlm.nih.gov/>) using BLAST. Sequences were submitted to NCBI GenBank database and accession numbers were obtained.

Characterization of rhizobacteria for biocontrol and growth promoting traits {#sec005}
----------------------------------------------------------------------------

Ability of bacterial antagonists to produce siderophores was detected using universal chrome azurol 'S' (CAS) assay \[[@pone.0160688.ref033]\]. Development of pink coloration around the bacterial colonies indicated the production of siderophpores. Non-siderophore producing bacterial strain StRh2 (Tariq et al. 2010) was used as negative control. Production of hydrogen cyanide (HCN) was determined on King's B medium amended with glycine (4.4 g L^-1^) \[[@pone.0160688.ref034]\]. Starch hydrolysis was detected by streaking bacteria on LB agar plates with 2% starch that were incubated at 30±2°C for 48--72 hours and then overlaid with the layer of Lugol's solution. Development of clear zone around bacterial colonies was an indication of starch hydrolysis \[[@pone.0160688.ref035]\]. Ability to produce different lytic enzymes *i*.*e*. proteases, chitinases and glucanases was detected using skimmed milk agar medium, colloidal chitin-conatianing agar and laminarine-containing agar medium, respectively \[[@pone.0160688.ref036]; [@pone.0160688.ref037]\]. Detection of the genes involved in antibiotic production i.e., phenazine, 2,4-diacetylphloroglucinol (2,4-DAPG), pyrrolnitrin was carried out by polymerase chain reaction \[[@pone.0160688.ref038]\]. The primers used and the PCR amplification conditions are provided as [S1 Table](#pone.0160688.s004){ref-type="supplementary-material"}.

IAA production was detected using spot test \[[@pone.0160688.ref039]\] and quantified through HPLC as described by \[[@pone.0160688.ref040]\]. Phosphate solubilization was detected by spotting bacteria on to Pikoviskaya's agar plates containing tricalcium phosphate \[[@pone.0160688.ref041]\] and quantified using Phosphomolybdate blue color method \[[@pone.0160688.ref042]\]. Organic acids were extracted and analyzed using HPLC as reported by \[[@pone.0160688.ref043]\].

Plant inoculation assays {#sec006}
------------------------

### Experiment I: Effect of bacterial antagonists on seed germination {#sec007}

Effect of antagonistic bacteria on germination of rice seeds (variety Super Basmati) was tested in a growth room experiment. Seeds were surface sterilized with 1% NaHOCl for 5 minutes followed by repeated washing with autoclaved distilled water. The seeds were soaked in overnight grown broth cultures of antagonistic bacteria (log-phase containing ≈10^8^ cells mL^-1^) for 30 minutes, individually. Ten seeds were grown aseptically on moist filter paper in each Petri plate. Petri plates were incubated at a day/ night temperature of 30±2°C with the day length of 16 hours and light intensity of 20,000 Lux for 10 days. Filter papers were kept moist with autoclaved distilled water. Un-inoculated seeds were used as control. There were three replicates for each treatment. Data regarding hypocotyl and radical lengths was recorded after 10 days.

### Experiment II: Evaluation of bacterial antagonists for disease suppression and induction of defense related enzymes {#sec008}

Potential of antagonistic bacteria to suppress BLB was evaluated in a pot experiment under natural environmental conditions in net house. Five bacterial antagonists E227, E233, Rh219, Rh269, Rh323 were evaluated against Xoo8. Un-inoculated plants without pathogen/ antagonistic bacteria were used as healthy control and plants inoculated with pathogen only were used as infected control. All bacterial antagonists were found compatible with each other as no clear zone of inhibition was formed in diffusion plate assay. *Bacillus* sp. Rh219 was incompatible with the rest of strains as indicated by clear zone of inhibition in compatibility test. Therefore, four strains E227, E233, Rh269 and Rh323 were used in mixed inoculum. The experiment was set up in completely randomized design (CRD) with four replicates each. Seeds of rice variety Super Basmati were dipped individually in broth cultures of antagonistic bacteria (≈10^8^ cells mL^-1^) for 45 minutes and sown directly in plastic pots of 13 cm diameter containing 1.26 Kg of autoclaved soil pot^-1^ (texture clay loam, pH 8.5, EC 4.1 mS, organic matter 0.4%, viable cell count 1.8 x 10^6^ cells g^-1^ soil). Plants were supplemented with ½ strength Hoagland solution \[[@pone.0160688.ref044]\] whenever required. On 21^st^ day of sowing, plants were re-inoculated by spraying with the suspension of antagonistic bacteria (10^−6^--10^−7^ cells mL^-1^) prepared in distilled autoclaved water. Control treatments were sprayed with distilled autoclaved water. Leaves of healthy control plants were clip inoculated with distilled autoclaved water while leaves of infected control (IC) plants and other inoculated treatments were clip inoculated with Xoo8 on 23^rd^ day of sowing \[[@pone.0160688.ref028]\]. %DLA was recorded after 21 days of clip inoculation. Plants were harvested 45 days after germination. Data regarding shoot length and plant dry weight was collected and analyzed statistically using Duncan's Multiple Range test. Survival of antagonistic bacteria in root rhizosphere was recorded on LB medium by viable count after 14 and 21 days of sowing. Colonization potential of indigenous and inoculated bacteria was recorded. The inoculated strains were identified on the basis of their cultural characteristics and presence or absence of certain physiological characteristics as well as different extent of these traits like pattern of antagonism against different Xoo strains, different levels of P solubilization and production of siderophores and IAA.

### Enzyme assays {#sec009}

Defense related enzyme assays were done 48 hours after foliar spray of antagonistic bacteria on rice plants grown under net house condition. 4--5 leaves were randomly harvested from each replicate pot containing 10 plants each. These 4--5 leaves were cut into small pieces, mixed thoroughly and 0.1g sample was processed immediately for an enzyme assay. The activity of peroxidase (POD) was assayed using guaicol as substrate following \[[@pone.0160688.ref045]\] and its activity was defined as the amount of enzyme that increases the absorbance at 470 nm min^-1^ \[[@pone.0160688.ref046]\]. The activity of Polyphenol oxidase (PPO) and catalase (CAT) was estimated following Worthington Enzyme Manual \[[@pone.0160688.ref047]\]. The PPO activity was determined as increase in absorbance at 280 nm and defined as that amount which produces 1mM of quinine min^-1^ \[[@pone.0160688.ref048]\]. The catalase activity was determined as the decrease in H~2~O~2~ at 240 nm and one unit activity equals that amount of CAT which breaks down 1μmol of H~2~O~2~ min^-1^ \[[@pone.0160688.ref049]\]. Phenylalanine ammonia-lyase (PAL) activity was determined by spectrophotometric measurement of the conversion of the L-phenylalanine into trans-cinnamic acid at 290 nm \[[@pone.0160688.ref045]; [@pone.0160688.ref050]; [@pone.0160688.ref051]\].

### Experiment III: Field inoculation studies {#sec010}

A field experiment was carried out at NIBGE to evaluate the effect of antagonistic bacteria E227, E233, Rh269, Rh323 in combination with N~2~ fixing *Azospirillum* sp. ER20 \[[@pone.0160688.ref052]\]. Antagonistic strains were inoculated as mixed-culture at the time of transplantation by root dip method \[[@pone.0160688.ref053]\]. N and P were applied at 140 and 80 kg acre^1^ (full/ recommended NP) as urea and di-ammonium phosphate (DAP), respectively. Treatments with full/ recommended NP and with 80% of full NP without inoculation were kept as positive and negative controls, respectively. The treatments were distributed in a randomized complete block design (RCBD) with four replicates each. The plot size was 64 m^2^. DAP was added before sowing while urea was added in three split doses i.e. first one added with field preparation while 2^nd^ and 3^rd^ doses were added at 25^th^ and 50^th^ day of transplantation, respectively. Plant to plant and row to row distance was 9 inch. The plants were harvested at maturity. Plants were harvested by hand, sun dried and weighed. Grain and straw yield was recorded for the whole plot. Yield was expressed as weight of rice grain at 14% water content \[[@pone.0160688.ref054]\].

### Statistical analysis {#sec011}

Data of pot and field experiments were analyzed statistically by analysis of variance (ANOVA) using Statistix (version 8.1) and Least significant difference (LSD) test at 5% probability. Relationship between growth parameters and %DLA was studied by correlation analysis using SPSS Software package version 17.0 (SPSS, Inc., Chicago, IL).

Results {#sec012}
=======

**Isolation and pathogenicity test of Xoo.** Three strains Xoo8, Xoo9, Xoo10 were isolated from rice plants collected from different locations in the present study. Cell morphology was studied using light microscopy at 100X. Analysis of PCR products of Xoo strains showed the amplification of approximately 300 bp band of a molecular marker J03 specific for pathovar *oryzae*. All the Xoo strains produced typical symptoms of BLB *i*.*e*. acute wilting, yellowing of leaves starting from the tip and progressing downward on rice. Strain Xoo8 was found to be the most virulent, causing maximum % diseased leaf area (%DLA; 39.7%), followed by Xoo10 (16.8% DLA). Strain Xoo9 was least virulent strain causing only 14.3% DLA ([Fig 1](#pone.0160688.g001){ref-type="fig"}).

![Detection of *Xanthomonas oryzae* (Xoo) pathovar (A) and confirmation of pathogenicity (B) of selected Xoo strains on rice variety Super Basmati.\
Xoo8, 9, 10 were isolated in the present study: Xoo4, Reference strain for pathovar detection. For pathogenicity test, control plants were clip inoculated with sterilized water. The values are an average of three replicates. Error bars show standard deviation.](pone.0160688.g001){#pone.0160688.g001}

Isolation, identification and *in vitro* screening of rhizobacteria against Xoo {#sec013}
-------------------------------------------------------------------------------

A total of 811 rhizobacteria (381 rhizospheric, 233 rhizoplanic and 197 endorhizospheric) were isolated from different rice samples. Of 811 bacteria, 23 showed antagonistic activity against Xoo (Unpublished data). Among these 23 bacterial antagonists, 5 bacterial isolates E227, E233, Rh323, Rh269 and Rh219 showed *in vitro* antagonistic activity against all Xoo strains in repeated experiments. Bacterial isolate E227 showed maximum antagonistic activity against all the tested Xoo strains with zone of inhibition ranging from 1--19 mm ([Fig 2](#pone.0160688.g002){ref-type="fig"}). The bacterial strains were Gram negative and KOH positive except Rh219. Three bacteria E227, E233 and Rh323 gave green fluorescence at 365nm. All bacterial antagonists except E233 were positive for catalase test.

![*In vitro* antagonistic activity of rhizospheric bacteria against *Xanthomonas oryzae* pv. *oryzae* (Xoo), the causal agent of Bacterial leaf blight.\
Zone of inhibition formed by *Pseudomonas* spp. E227 and Rh323 (A) against different strains of Xoo using hole plate diffusion method. Inhibition zones formed by *Pseudomonas* spp. E227, E233, Rh323; *Serratia* sp. Rh269; *Bacillus* sp. Rh219 (B); Values are an average of three replicates. Error bars show standard deviation. The means followed by different letters are significantly different at 1% level of significance. Xoo8, Xoo9, Xoo10 were isolated in the present study while Xoo2, Xoo4, Xoo5, Xoo7 and Xoo11 were reference strains.](pone.0160688.g002){#pone.0160688.g002}

16S rRNA gene sequencing confirmed that these antagonistic bacteria belonged to the three different genera *Pseudomonas*, *Serratia* and *Bacillus*. 16S rRNA gene sequence analysis of the bacterial strain E227 showed 100% identity with *Pseudomonas aeruginosa* strain ASR-39 (accession no. KP866913.1) while rest of the 4 strains E233, Rh323, Rh 269 and Rh219 showed 99% identity with *P*. *aeruginosa* strain CD274 (Accession no. KF193637.1), *P*. *aeruginosa* (accession no. KP868686.1) *Serratia* sp. AH-6-2 (accession no. JN381538.1) and *Bacillus subtilis* strains EXWB4-09 (accession no. EU334108.1), respectively. These 16S rRNA gene sequences of bacterial strains E227 E233, Rh323 Rh269 and Rh219 were submitted to NCBI data base with accession no. HG796214, HG796216, HG796215, HG941700 and HG941699, respectively.

Characterization of rhizobacteria for biocontrol and growth promoting traits {#sec014}
----------------------------------------------------------------------------

All bacterial strains showed the production of siderophores ([Table 1](#pone.0160688.t001){ref-type="table"}). Except *Serratia* sp. Rh269, all were able to hydrolyze starch. *Pseudomonas* spp. (E227, E233 and Rh323) were positive for the production of HCN while none was positive for chitinase or protease production. *Pseudomonas* sp. E227 and *Pseudomonas* sp. Rh323 were able to produce glucanases ([S1 Fig](#pone.0160688.s001){ref-type="supplementary-material"}).

10.1371/journal.pone.0160688.t001

###### Biocontrol and growth promoting determinants of rhizobacteria isolated from rice grown in Pakistani soils.

![](pone.0160688.t001){#pone.0160688.t001g}

  Antagonistic Bacteria     Biocontrol determinants   Growth promoting determinants                                                                                     
  ------------------------- ------------------------- ------------------------------- ----- ---- ----------- ----- --------- ---------- ---------- --------- ---------- ----------
  *Pseudomonas* sp. E227    0.4±0.01                  +++                             ++    \+   1.85±0.1    2.6   95±3.2    0          28.0±0.4   5.6±0.2   0          0
  *Pseudomonas* sp. E233    0.4±0.03                  +++                             ++    \-   0.48±0.05   2.1   82±5.3    0          10.1±0.3   0         17.5±2.1   20.1±1.8
  *Pseudomonas* sp. Rh323   0.3±0.02                  ++                              +++   \+   \-          2.8   98±4.5    18.5±1.6   0          2.6±0.4   4.0±0.3    0
  *Serratia* sp. Rh269      0.8±0.04                  \-                              \-    \-   1.23±0.07   3.5   116±6.5   5.0        13.5±0.9   0         0          28.0±2.4
  *Bacillus* sp. Rh219      0.1±0.03                  ++                              \-    \-   \-          \-    \-        ND                                         

^a^Siderophore production was quantified using spectrophotometer.

^b^Starch hydrolysis and

^c^hydrogen cyanide (HCN) was detected by plate assay,---represents no production, ++ represents hydrolysis of starch in more than half plate, +++ represents complete hydrolysis of starch in plate.

^**d**^Glucanase production was carried out on agar medium supplemented with laminarin. + represent halo zone.

^**e**^Indole acetic acid (IAA) was quantified by HPLC.

^**f**^Solubilization index (SI) on Pikoviskaya agar; P solubilization and organic acids by antagonistic bacteria were quantified using spectrophotometer and HPLC, respectively. Acetic (AA), citric (CA), gluconic (GLA), malic (MA) and succinic (SA) acid.

^**g**^ Oxalic acid (OA) was not detected in any of the tested strains

Means are an average of three replicates, ± standard deviation

All of the tested bacteria produced IAA as indicated by pink color in spot test. HPLC analysis showed that highest amount of IAA (1.86 mg L^-1^) was produced by *Pseudomonas* sp. E227. *Pseudomonas* sp. E227, E233, Rh323 and *Serratia* sp. Rh269 formed halo zones around the bacterial growth on Pikoviskaya\'s agar plate after one week, indicating their potential for phosphate solubilization. *Serratia* sp. Rh269 showed highest P solubilization (116 μg mL^-1^, [Table 1](#pone.0160688.t001){ref-type="table"}). *Pseudomonas* sp. Rh323 produced maximum amount of acetic acid (18.5μg mL^-1^**)** while *Pseudomonas* sp. E227 produced citric (28 μg mL^-1^) and gluconic (5.6 μg mL^-1^) acids. *Bacillus* sp. Rh233 produced maximum amount of malic acid (17.5 μg mL^-1^) and *Serratia* sp. Rh269 produced maximum amount of succinic acid (28 μg mL^-1^). Primers Phl2a/Phl2b and BPF2/BPR2, specific for 2, 4-DAPG, amplified PCR products of 746 bp and 470 bp, respectively in *Pseudomonas* sp. E227 ([S2 Fig](#pone.0160688.s002){ref-type="supplementary-material"}). Primers PHZ1/PHZ2 and PRND1/PRND2 specific for phenazine and pyrrolnitrin, respectively did not amplified the expected fragments from three tested *Pseudomonas* spp. strains E227, E233, Rh323.

Plant inoculation assays {#sec015}
------------------------

### Effect of bacterial antagonists on seed germination {#sec016}

None of the selected bacterial antagonists showed any pathogenic effect on rice seedlings. Maximum hypocotyl length (3.38 cm) was recorded in seedlings inoculated with *Pseudomonas* sp. E227 while maximum radical length (2.4 cm) was observed for *Serratia* sp. Rh269 ([S3 Fig](#pone.0160688.s003){ref-type="supplementary-material"}).

### *In vivo* evaluation of bacterial antagonists for disease suppression {#sec017}

Inoculation of selected bacteria under pathogen pressure under natural environmental conditions during rice growing season (June to October) showed that the co-inoculation of strains (E227, E233, Rh269, Rh323) as well as single strain inoculum of *Pseudomonas* sp. Rh323 alone caused maximum reduction in %DLA *i*.*e*. 4.1 and 4.8, respectively as compared to that of infected control (20.2% DLA) ([Fig 3A and 3B](#pone.0160688.g003){ref-type="fig"}).

![*In vivo* evaluation of antagonistic bacteria for suppression of *Xanthomonas oryzae* pv. *oryzae* (Xoo).\
(**A)** Clip inoculated leaves showing the severity of disease in infected control (IC) and plants inoculated with bacteria antagonists *(Pseudomonas* spp. E227, E233, Rh323; healthy control (HC) clip inoculated with distilled water showed no disease symptoms. *Serratia* sp. Rh269; *Bacillus* sp. Rh219), Mixed inoculum (E227, E233, Rh269, Rh323), (**B)** Percent Diseased leaf area (% DLA) of rice plants inoculated with bacterial antagonists and Xoo8. Values are an average of four replicates. Error bars show standard deviation of four replicates of each treatment. The means followed by different letters are significantly different at 5% level of significance. (**C**) Effect of antagonistic bacteria on shoot/ root length and plant dry weight of rice plants thirty days after seeding in net house under natural environmental conditions in the presence of Xoo8. (**D)** Relationship between plant dry weight and shoot length. (**E)** Relationship between percent diseased leaf area and plant dry weight. (**F)** Relationship between percent diseased leaf area and shoot length. Relationship between growth parameters and %DLA was studied by correlation analysis using SPSS software.](pone.0160688.g003){#pone.0160688.g003}

Plant inoculation with mixed culture and single strain inoculum of Rh323 showed a significant increase in shoot length (33.5 and 30.5 cm, respectively) as well as plant dry weight (1.0 and 0.9g, respectively) as compared to non-inoculated healthy control ([Fig 3C](#pone.0160688.g003){ref-type="fig"}). A positive correlation was observed between shoot length and plant dry weight at 0.05 LSD while a negative correlation was observed between %DLA and plant dry weight as well as between %DLA and shoot length at 0.05 LSD ([Fig 3E and 3F](#pone.0160688.g003){ref-type="fig"}).

Colonization of inoculated bacteria was detected twice after inoculation *i*.*e*., 14 and 21 days after germination. Maximum population density of indigenous soil bacteria was recorded for mixed inoculum *i*.*e*. 8.30 and 9.73 Log~10~ cfu g^-1^ soil after 14 and 21 days of germination, respectively. Density of viable population for *Serratia* sp. Rh269 was increased from 4 Log~10~ cfu g^-1^ soil to 6.62 Log~10~ cfu g^-1^ soil after 21 days of germination while *Pseudomonas* spp. E227, E233, Rh323 and *Bacillus* sp. 219 maintained their viable cells from 14 to 21 days after germination ([Table 2](#pone.0160688.t002){ref-type="table"}). Red-coloured colonies of *Serratia* sp. 269 were well differentiated from the colonies of *Pseudomonas* spp. Round and flat colonies of *Pseudomonas* sp. strain Rh323 were discriminated from raised colonies of *Pseudomonas* sp. strain E227. Secondly, brown and green pigmentation produced by E233 and E277, respectively was useful for discrimination of the colonies. Antagonism and other characteristics (P solubilization, siderophores, IAA) of the inoculated bacteria were found in accordance with those as studied earlier ([Table 1](#pone.0160688.t001){ref-type="table"} and [Fig 2](#pone.0160688.g002){ref-type="fig"}).

10.1371/journal.pone.0160688.t002

###### Population densities of indigenous and inoculated bacteria at different time intervals after germination under net house conditions.

![](pone.0160688.t002){#pone.0160688.t002g}

  Strains                   Population density after 14 days (Log~10~ CFU g^-1^)   Population density after 21 days (Log~10~ CFU g^-1^)                
  ------------------------- ------------------------------------------------------ ------------------------------------------------------- ----------- --------------------------------------------------------------
  *Pseudomonas* sp. E227    7.4±0.42                                               6.07±0.22                                               7.73±0.21   6.35±0.38
  *Pseudomonas* sp. E233    7.06±0.37                                              5.06±0.19                                               7.81±0.18   6.33±0.34
  *Pseudomonas* sp. Rh323   7.69±0.26                                              6.35±0.41                                               7.85±0.05   6.54±0.25
  *Serratia* sp. Rh269      7.2±0.26                                               4.07±0.21                                               7.61±0.38   6.62±0.29
  *Bacillus* sp. Rh219      7.36±0.3                                               6.29±0.46                                               7.50±0.41   6.30±0.31
  Mixed inoculum            8.3±0.40                                               E227: 4.27±0.23E233: 2.23±0.25Rh269.0Rh323: 3.33±0.21   9.73±0.15   E227:4.73±0.31E233: 3.40±0.46Rh269:3.90±0.36Rh323: 5.20±0.36
  Healthy control           7.51±0.31                                              0                                                       6.80±0.20   0
  Infected control          7.64±0.26                                              0                                                       6.53±0.15   0

***Mixed inoculum***: *Pseudomonas* spp. E227, E233, Rh323 and *Serratia* sp. 269. Means are an average of three replicates, ± standard deviation

### Induction of defense related enzymes {#sec018}

Polyphenol oxidase (PPO) activity was maximum in leaves of rice plants inoculated with *Pseudomonas* sp. E233 as compared to healthy and infected plants ([Fig 4A](#pone.0160688.g004){ref-type="fig"}). Peroxidase (PO) and Phenylalanine ammonia-lyase (PAL) activities were maximum in plants inoculated with *Pseudomonas* sp. Rh323 ([Fig 4B and 4C](#pone.0160688.g004){ref-type="fig"}) while CAT activity was maximum in plants treated with mixed inoculum ([Fig 4D](#pone.0160688.g004){ref-type="fig"}).

![Effect of seed inoculation and foliar spray of antagonistic rhizobacteria on (A) Polyphenol oxidase (PPO), (B) Peroxidase (PO), (C) Phenylalanine ammonia-lyase (PAL) and (D) Catalase (CAT) activities in rice grown in pots under net house conditions.\
Foliar spray of antagonistic bacteria and clip inoculation of Xoo8 was carried out on 21^st^ and 23^rd^ day, respectively after sowing. The leaves samples were collected 48 hours after foliar spray on rice plants. Non-inoculated plants with and without pathogen, were used as infected and healthy controls, respectively. Means are an average of three replicates and bars indicate the standard deviation. Means followed by the same letter differ non-significantly at *P* = 0.05. HC: Healthy control, IC: infected control.](pone.0160688.g004){#pone.0160688.g004}

### Field evaluation of bacterial antagonists for growth promotion {#sec019}

Field trial data showed an increase of 31% in grain yield and 10% in straw yield in rice variety Super Basmati treated with mixed inoculum compared with un-inoculated control (with 80% N and P). Maximum grain yield (4166.7 kg ha^-1^) was obtained in plots treated with mixed inoculum exhibiting 19% increase over un-inoculated full-fertilized control treatment (3593.8 kg ha^-1^). Although, grain and straw yield of inoculated rice field was not statistically significant compared to its respective control plots but still % increase in yield is accomplished with reduced dose/ cost of applied chemical fertilizers ([Fig 5](#pone.0160688.g005){ref-type="fig"}).

![Effect of antagonistic bacteria in mixed inoculum on yield parameters of rice variety Super Basmati under field conditions.\
Antagonistic strains (E227, E233, Rh269, Rh323) were inoculated as mixed-culture in combination with N~2~ fixing *Azospirillum* sp. ER20 at the time of transplantation by root dip method. Treatments with full NP and with 80% of full NP without inoculation were used as positive and negative controls, respectively. Means are an average of four replicates and bars indicate the standard deviation. Means followed by the same letter differ non-significantly at *P* = 0.05.↑ shows percent increase in yield compared to the respective control.](pone.0160688.g005){#pone.0160688.g005}

Discussion {#sec020}
==========

Food security is coupled with the economic and ecological security in terms of quality and quantity of food available. Rice is an important food and export commodity of Pakistan and prone to many biotic and abiotic stresses. BLB is one of the major diseases of rice and is a main threat to rice production in both temperate and tropical regions of the world due to its high epidemic potential. Increasing demand for food and ecological security has led scientists to devise eco-friendly strategies for integrated nutrient and disease management in crops of economic importance in a more sustainable manner. Of the integrated approaches available, the use of PGPR, being ecologically safe and economically feasible, is the most attractive approach.

Present study was conducted to screen antagonistic PGPR from the rice rhizosphere for biological control of BLB and plant growth promotion.

Rice plants were collected from different sites of rice belt in Punjab province which were the known hot spots of BLB disease in the country. From disease infested plants collected from the rice growing belt, Xoo8 was found to be the most virulent strain among the prevalent pathogen strains. DNA banding pattern obtained by primer (J03) in PCR is pathovar specific and is used to identify different strains of *Xanthomonas oryzae* pv. *oryzae* on the basis of banding pattern of insertion element IS1112. Multiple bands in the gel image obtained in the present study indicated the particular pattern of IS1112 in the isolated strains of Xoo8, Xoo9 and Xoo10. Similar results have been reported in literature \[[@pone.0160688.ref055]; [@pone.0160688.ref056]\].

Rhizosphere and endorhizosphere are known to be the main reservoirs of antagonistic bacteria \[[@pone.0160688.ref057]\], therefore, isolations of the antagonistic bacteria were carried out from both these sources. Out of 811 rhizobacteria obtained from healthy and BLB infected rice samples, five bacteria E227, E233, Rh219, Rh269, Rh323 were able to show significant and consistent antagonistic activity against all Xoo strains isolated in the present study. These potential antagonists were therefore, selected for further studies. Sequence analysis of almost full length 16S rRNA gene showed that these antagonistic bacteria belong to three different genera including *Pseudomonas* spp. strains E227 E233, Rh232, *Serratia* sp. Rh269 and *Bacillus* sp. Rh219. The PGPR and biocontrol activities of all these genera are very well known \[[@pone.0160688.ref058]; [@pone.0160688.ref059]; [@pone.0160688.ref060]\].

Biocontrol is a multidimensional and intricate phenomenon which involves several mechanisms in disease suppression. Understanding these mechanisms would be beneficial for the effective utilization of biocontrol agents in field. In the present study, all selected bacteria showed ability to produce siderophores and it is already known that production of siderophores is one of the important mechanisms involved in the suppression of BLB \[[@pone.0160688.ref061]\]. Furthermore, these bacteria showed the ability to hydrolyze starch, to produce cyanide, and to have glucanase activity. It has been documented earlier that microorganisms showing the ability to produce HCN can be used as biocontrol agents for the suppression of plant pathogens \[[@pone.0160688.ref062]\]. Glucanase activity is likely to play a role in direct antagonism \[[@pone.0160688.ref063]\]. PCR based detection of antibiotic-related genes indicated that *Pseudomonas* sp. strain E227 may have gene for synthesis of DAPG antibiotic. The antagonistic activity of the selected bacterial isolates might be due to the production of siderophores, lytic enzymes and HCN or synergistic interaction of these two or with other metabolites. All antagonistic strains were non-pathogenic to their host plant. Both *Pseudomonas* and *Bacillus* species are known for their broad spectrum activities against different plant pathogens \[[@pone.0160688.ref063]; [@pone.0160688.ref064]\].

The antagonistic bacteria isolated in this work also showed the ability to produce phytohormone (IAA) and solubilize phosphate which shows that they can also be used for growth promotion \[[@pone.0160688.ref061]\]. The increased shoot length in response to bacterial inoculation (Rh323 alone as well as mixed inoculum) may be due to the effect of IAA ([Fig 3](#pone.0160688.g003){ref-type="fig"}). IAA is a plant growth regulating hormone that is involved in root development, elongation and proliferation thus facilitating plants to acquire more water and nutrients from soil \[[@pone.0160688.ref065]\]. IAA and ACC deaminase activity have been reported for plant growth promotion as well as for rhizospheric competence. Due to ethylene production under constant flooded conditions of rice, ACC deaminase activity of the inoculated bacterial strains may be of great significance \[[@pone.0160688.ref066]\]. Organic acid production is coupled with P solubilization in PGPR \[[@pone.0160688.ref043]; [@pone.0160688.ref067]; [@pone.0160688.ref068]\]. We found that most of the bacteria tested in this study produced citric acid whereas succinic and acetic acids were also produced in highest amount. The simultaneous release of different organic acids like acetic acid, citric acid, gluconic acid and malic acid by the rhizobacteria has been reported for their role in the solubilization of insoluble phosphates. The plant growth promotion is a complex phenomenon involving several factors e.g., root growth, nutrient acquisition, disease control and several others. Hence, the use of bacteria having multiple plant growth promoting or biocontrol properties is more feasible instead of using bacteria with single trait \[[@pone.0160688.ref069]\].

A significant reduction in %DLA coupled with increased shoot and root length and plant dry weight was observed in plants inoculated with mixed inoculum in pots. Significant disease reduction was observed with mixed inoculation followed by single strain inoculum of Rh323. Field evaluation further confirmed that mixed inoculum increased the yield (19%) of rice variety Super Basmati with 20% reduction in chemical fertilizers of N and P as compared to full fertilized control plots. Linear regression effectively modeled the relationship of diseased leaf area with plant dry weight and shoot length behavior at 0.05 LSD. Stimulation of root elongation in rice by PGPR inoculation has been documented \[[@pone.0160688.ref070]\] and is attributed to the uptake of soil nutrients \[[@pone.0160688.ref008]\]. The efficacy of mixed inuculum may be a synergistic effect of all bacteria and attributed to the cumulative impact of various plant growth promoting and biocontrol traits as has been reported in other studies \[[@pone.0160688.ref071]\].

In general, the effects of chemical fertilizers on yield parameters were higher than those of bio-inoculants alone. The use of these microbial inoculants may increase the rice yield with the saving of 20% chemical fertilizers of N and P. Assuming that the relationship between the fertilizer application and plant yield remains linear in the range 80--100% of the recommended dose, the benefit of inoculum application with reduced dose of fertilizers compared with full dose without inoculum can be substantial at country level. Adesemoye et al. \[[@pone.0160688.ref072]\] reported 15, 20 and 60--80% increase in the yield of wheat, rice and legume plants, respectively with the saving of 50--100% of chemical fertilizers due to microbial inoculants. Hafeez et al. \[[@pone.0160688.ref073]\] reported that the use of commercial biofertilizer increased the yield from 10--60% with the saving of chemical fertilizer from 30--90% for different crops. The benefit to the farmers in terms of cost per hectare was reported up to 47--426 US \$.

Many factors contribute to the performance of bacterial inoculants and key amongst these is colonization. If the introduced strain does not survive substantially in the rhizosphere and colonize plant roots, it will be of no use to the plant \[[@pone.0160688.ref074]\]. Hence, plant colonization and rhizosphere competence are important criteria for any PGPR to be used as inoculum in field. In the present study all strains were found to colonize well in the rice rhizosphere. *Pseudomonas* spp. strains E227, Rh323 and *Bacillus* sp. Rh219 were more rhizosphere competent strains as compared to *Serratia* sp. Rh269.

The inoculated plants also showed a significant increase in the activity of defense related enzymes in rice plants. Plants inoculated with Rh323 showed a significant increase in PPO, POD and CAT activities. PPO activity was maximum in the plants treated with strain E233 while CAT activity was maximum in plants treated with mixed inoculum. The accumulation of plant defense related enzymes (POD, PPO, CAT and PAL) is related with the plant defense response and induced resistance by PGPR \[[@pone.0160688.ref046]\]. It is well established fact that the appropriate stimuli or signals are needed to induce defense genes \[[@pone.0160688.ref075]\]. Enhanced activities of defense related enzymes by PGPR inoculation has been reported in *Piper betle L*. \[[@pone.0160688.ref076]\] cucumber \[[@pone.0160688.ref046]\], wheat \[[@pone.0160688.ref077]\] and groundnut seedlings \[[@pone.0160688.ref078]\].

Furthermore, inoculation with *Pseudomonas* sp. Rh323 and mixed inoculation also showed an increase in PAL activity in treated rice plants under pathogen pressure. It is well established fact that the synthesis of phenolic compounds in plants in response to infection is associated with resistance and many studies have indicated that increased accumulation of phenolics is due to an increase in PAL activity that offers protection against diseases \[[@pone.0160688.ref079], [@pone.0160688.ref080]\].

The practicality of the whole study is that the antagonistic *Pseudomonas* spp. E227, E233, Rh323 and *Serratia* sp. Rh269 may be formulated for field application with a purpose to control BLB in conjunction with rice growth promotion. Although, *Pseudomonas* and *Serratia* spp. are wide spread and omnipresent in a variety of rhizomicrobioms but a few of them are opportunistic pathogens, hence appropriate regulation is suggested for the practical implication of this technology in the field.

Conclusions {#sec021}
===========

Plant disease suppression and growth promotion are complicated integrative phenomena that may be addressed by plant augmentation using biocontrol agents having plant growth promoting traits. As rice is an important food and export commodity, per acre yield and quality leaves a great deal to be desired. Having this in mind, we have screened a large collection of bacteria to be used in integrated disease and nutrient management strategy in rice. A rhizo-competent strain *Pseudomonas* sp. Rh323 having P-solubilization and siderophores production ability showed significant *in vivo* potential to suppress BLB coupled with rice growth promotion. This strain is also associated with the induction of disease resistance in rice due to increased accumulation and activities of plant defense enzymes. Furthermore, the potential of a bacterial consortium based on three *Pseudomonas* spp. E227, E233, Rh323 and *Serratia* sp. Rh269 has also been documented *in vivo*. Based on the results of this study, we suggest that *Pseudomonas* sp. Rh323 can be applied to suppress BLB disease and growth promotion of rice in the country. However, detailed biosafety studies of these novel biocontrol agents are required to ensure their safe release in environment and commercial use.

Supporting Information {#sec022}
======================

###### Plate assays to represent biocontrol determinants of selected antagonistic bacteria.

**(A)** Control plate showing no starch hydrolysis, (**B)** Starch hydrolysis by *Pseudomonas* sp. E233, (**C)** Siderophore production by *Pseudomonas* sp. Rh323 and no siderophores detected in control i.e. siderophore non-producing bacterial strain StRh2, (**D)** Siderophores produced by *Serratia* sp. Rh269 and *Pseudomonas* sp. E233 indicated by pink coloration.

(TIF)

###### 

Click here for additional data file.

###### Agarose gel electrophoresis for the detection of amplified products from genomic DNA of antagonistic bacteria using primers Phl2a/Phl2b and BPF2/BPR2, specific for 2, 4-DAPG. Lane Marker: 1 kb DNA ladder, -ve: Negative control, *Pseudomonas* spp. E227, E233, Rh323; *Serratia* sp. Rh269.

(TIF)

###### 

Click here for additional data file.

###### Germination test to study the pathogenecity of bacterial antagonists to rice seedlings.

The seeds were grown on moist filter paper in sterile Petri plates under controlled conditions in a growth room. *Pseudomonas* spp. strains E227, E233, Rh323; *Serratia* sp. Rh269 *Bacillus* sp. Rh219; Control: Seeds were treated with sterilized water. Values are an average of three replicates. Error bars show the standard deviation. The means followed by different letters are significantly different at 5% level of significance.

(TIF)

###### 

Click here for additional data file.

###### Primers and thermocycler conditions used for the amplification of antibiotic genes from antagonistic bacteria.

(DOCX)

###### 

Click here for additional data file.
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